Developmental exposure to oxytocin (OT) or oxytocin antagonists (OTAs) has been shown to cause long-lasting and often sexually dimorphic effects on social behaviors in prairie voles (Microtus ochrogaster). Because regulation of social behavior in monogamous mammals involves central receptors for OT, arginine vasopressin (AVP), and dopamine, we examined the hypothesis that the long-lasting, developmental effects of exposure to neonatal OT or OTA might reflect changes in the expression of receptors for these peptides. On postnatal day 1, prairie voles were injected intraperitoneally with either OT (1 mg/kg), an OTA (0.1 mg/kg), saline vehicle, or were handled only. At approximately 60 days of age, vasopressin V1a receptors, OT receptors (OTR) and dopamine D2 receptor binding were quantified using receptor autoradiography in brain tissue taken from males and females. Significant treatment effects on V1a binding were found in the bed nucleus of the stria terminalis (BNST), cingulate cortex (CgCtx), mediodorsal thalamus (MdThal), medial preoptic area of the hypothalamus (MPOA), and lateral septum (LS). The CgCtx, MPOA, ventral pallidum, and LS also showed significant sex by treatment interactions on V1a binding. No significant treatment or sex differences were observed for D2 receptor binding. No significant treatment difference was observed for OTR receptor binding, and only a marginal sex difference. Changes in the neuropeptide receptor expression, especially the V1a receptor, may help to explain sexually dimorphic changes in behavior that follow comparable neonatal manipulations.
Introduction
The neurobiology of social behavior has been shown to be intimately linked to two central neuropeptide hormones, oxytocin and vasopressin. Oxytocin (OT) is a nine-amino-acid peptide associated with labor and milk let-down, as well as the formation of pair-bonds (particularly in females) and mother-infant bonds (Carter, 1998; Williams et al., 1994; Zingg, 2002) . The related neuropeptide, arginine vasopressin (AVP), well-known for its peripheral effects on blood pressure and water balance, also plays a role in pair-bond formation and parental care, especially in males (Berecek, 1991; Wang et al., 1998; Winslow et al., 1993a) . OT and AVP differ by two amino acids and may exhibit some receptor cross-reactivity (Barberis and Tribollet, 1996) , allowing potential interactions between the two peptide systems. Changes in exposure to either OT or AVP during development may have significant potential to affect both social behavior and its regulation over a lifetime.
Variations in child-rearing practices have the capacity to affect OT exposure in offspring. Breast milk contains OT (Leake et al., 1981) , and OT is also released by warmth and touch (Uvnas-Moberg, 1998) . In dairy calves, suckling from the mother rather than drinking mother's milk from a bucket raises the calf's plasma level of OT (Lupoli et al., 2001) . Developmental exposure to OT in rats is associated in later life with lower blood pressure (Holst et al., 2002) , lower corticosterone levels (Sohlstrom et al., 2000) , higher body weight (Sohlstrom et al., 2000) , and can reverse the effects of maternal malnutrition (Olausson et al., 2003) . In rodents, mothers that lick and groom their infants produced female offspring with significant increases in OT binding in the central amygdala and the bed nucleus of the stria terminalis (BNST). In contrast, male offspring of high licking and grooming mothers had higher AVP binding in the central nucleus of the amygdala (Francis et al., 2002) . These neural differences were reflected in behavior, with offspring of high licking and grooming mothers also demonstrating high licking and grooming (Francis et al., 1999) . Differences in perinatal exposure to OT, through breast-feeding or other forms of infant care, may thus have the ability to change neural systems in a long-term (perhaps life-long) manner.
In addition to the OT and AVP systems, the dopamine system appears to be crucial to the expression of social behavior. Dopamine has recently been identified for its crucial role both in pair-bonding (Aragona et al., 2003; Aragona et al., 2006; Liu and Wang, 2003; Wang et al., 1999) and parenting behavior (Lonstein, 2002) . Access to D2 dopamine receptors is necessary for formation of a pair-bond, while activation of D1 dopamine receptors blocks pair-bond formation. Following formation of the bond, D1 receptors are up-regulated, preventing formation of a second bond (Aragona et al., 2006) . Essential to the actions of dopamine in pairbonding is co-localization of D2 receptors with OT receptors in the nucleus accumbens (in females) and with V1a receptors in the ventral pallidum (in males).
The prairie vole (Microtus ochrogaster), a socially monogamous rodent native to the Midwestern United States, is a well-studied model for sociality. Prairie voles exhibit selective pair-bonds (Williams et al., 1992) and high levels of both paternal and alloparental care (Roberts et al., 1998; Lonstein and De Vries, 2000) . This species is sensitive to developmental manipulations in OT, showing long-lasting changes in behavior and physiology (Carter, 2003) . In a series of experiments, prairie voles were injected on postnatal day 1 (PND1) with either 1 mg/kg OT, 0.1 mg/kg OTA, saline vehicle, or were handled only. Developmental exposure to OT facilitated pair-bond formation in adulthood in male voles (Bales and Carter, 2003b) , whereas OTA exposure on PND1 produced a marked reduction in alloparental behavior in males (Bales et al., 2004b) . Manipulation of either OT or OTA on PND1 altered the subsequent patterning of male sexual behavior and reduced male reproductive potential (Bales et al., 2004a) . Finally, in males treatment with OTA resulted in fewer AVPimmunoreactive cells, and did not significantly alter the number of OT-immunoreactive cells (Yamamoto et al., 2004) .
In females in general, the behavioral effects of neonatal exposure to OT or OTA were less pronounced than in males. However, neonatal OT did increase the mate-guarding component of pair-bonding shown by adult females (Bales and Carter, 2003a) . Females were capable of responding to OTA, since female pups exposed to 0.1 mg/kg OTA on PND1 emitted significantly fewer ultrasonic vocalizations upon separation from their parents on PND8 (Kramer et al., 2003) . PND1 OTA treated females showed, as adults, increased neural activation of the central amygdala when exposed to a member of the opposite sex (Kramer et al., 2006) . Also in females, a single PND1 exposure to either OT or OTA resulted in higher numbers of OT-immunoreactive cells in the paraventricular nucleus of the hypothalamus on PND21 (Yamamoto et al., 2004) .
The purpose of the present study was to examine the hypothesis that at least some of the functional changes that we observed following a single neonatal exposure to OT or OTA might be reflected in or due to the developmental capacity of these manipulations to influence receptor expression for neuropeptides or transmitters that have been previously implicated in social behavior. OT (OTR), AVP V1a and dopamine (D2) receptor binding were measured in adulthood using quantitative autoradiography. The brain areas selected for study were those in which these receptors were abundant and for which there was prior evidence of relevance to social behavior. Based on the behavioral changes that we had observed, we predicted that the effects of OT and OTA would (a) differ from each other, (b) be regionally specific and (c) differ in males and females.
Methods

Neonatal Treatments
Subjects were laboratory-bred male and female prairie voles, descendants of a wild stock originally captured near Champaign, Illinois. Stock was systematically outbred. Animals were maintained on a 14 h light:10 h dark cycle and given food (Purina rabbit chow) and water ad libitum. Breeding pairs were maintained in large polycarbonate cages (25 x 45 x 60 cm) and provided with cotton for nesting material. On PND21 offspring were removed and housed in same-sex sibling pairs in smaller (12 x 18 x 28 cm) cages. Sibling pairs were maintained in single-sex colony rooms. All studies were approved by the Animal Care and Use Committee of the University of Illinois at Chicago and complied with National Institutes of Health ethical guideline as set forth in the Guide for Lab Animal Care.
Within 24 hours of birth (postnatal day 1; PND1), test subjects randomly received either a single 1 mg/kg injection of oxytocin (Bachem, San Carlos, CA), a single 0.1 mg/kg injection of oxytocin antagonist (OTA), or were assigned to one of two control groups receiving either an injection of isotonic saline (SAL), or handling without injection (HAN). The OT receptor antagonist ([d(CH 2 ) 5 , Tyr(Me) 2 , Orn 8 ]-Vasotocin) (Bankowski et al., 1980) administered in this study also had been used in behavioral studies in this species, and is commercially available from Bachem. This antagonist is capable of affecting both OT and AVP V1a receptors, with a binding profile similar to Atosiban, the OTA most widely used to prevent premature labor (Bankowski et al., 1980; Manning et al., 1995) . A lower dose of OTA than OT was used because in studies in rats, the OTA used here has been shown to be approximately 10 -100 times more effective in receptor binding than the natural ligand (Barberis and Tribollet, 1996) . In adult rodents, OT crossed the blood-brain-barrier (BBB) in small amounts (0.2 -1.3%) when administered peripherally (Ermisch et al., 1985; Jones and Robinson, 1982; Banks and Kastin, 1985) . The blood-brain-barrier of neonatal rodents should be more permeable than in adults (Vorbrodt, 1993) . Finally, a study performed using these compounds and dosages in neonatal prairie voles showed specific and differential activations of c-Fos in various brain areas ; however, whether the consequences of neonatal OT or OTA were due to central or peripheral actions remains to be determined.
All injections were 50 ul in volume and administered intraperitoneally in 250 ul gastight Hamilton syringes. Infants were weighed and toe-clipped for identification on the day of birth. Although litters were not matched for pup number, infants were only used in the study if at least one control and one treatment animal of a given sex were available in the litter, and litters of more than six pups at birth were culled to six. Animals remained undisturbed in same-sex pairs until sacrifice at 60 days of age, and were not used in any behavioral testing.
Receptor Autoradiography
Following sacrifice, brains were quickly removed, flash-frozen on dry ice and stored at −80°C
. Brains were sectioned at 20 μm thickness, mounted onto Super-frost slides and stored at −80°C until the time of assay. Sections were allowed to thaw to room temperature and then immersed in 0.1% paraformaldehyde for 2 min to optimize tissue integrity. Sections then were rinsed 3 times in 50mM Tris-HCl (pH 7.4) at room temperature for 5 min and incubated for 60 min at room temperature in a solution of 50 mM Tris-HCl (pH 7.4) with 10 mM MgCl 2 , 0.1% bovine serum albumin, and 50 pM of radiotracer. 
; (NEN Nuclear) was used. For D2 binding, 125-I-iodospiperone (Perkin Elmer/NEN, MA), dissolved in 5.7 mM ascorbic acid and Tris-ions buffer (0.7% NaCl, 0.04% KCl, 0.02% CaCl2, 0.01% MgCl2 in Tris-base, pH 7.4), was used. Non-specific binding was determined by incubating adjacent sections with the radioactive specific ligand as well as with 50 μM of unlabelled Thr 4 , Gly 7 oxytocin, a selective oxytocin ligand (Peninsula Laboratories, Belmont, CA, USA) or 50 μM of unlabelled [1-(-mercapto-,-cyclo-pentamethylene propionic acid),2-(O-methyl)-tyrosine]-arg 8 -vasopressin, selective for the V1a receptor. Following incubation, sections were washed 4 times at 5 min each in 50 mm Tris-HCl (pH 7.4) with 10 mM MgCl 2 at 4°C, followed by a final rinse in this same buffer for 30 min while stirred with a magnetic bar. Slides then were quickly dipped in cold dH 2 O and rapidly dried with a stream of cold air. Sections were apposed to Kodak BioMaxMR film (Kodak, Rochester, NY, USA) with 125 I microscale standards (Perkin-Elmer/NEN, Boston) for 72 h (for OTR and V1a) or 24 h (for D2). Autoradiographic 125 I-receptor binding was quantified from film using the NIH Image program. 125 I standards were used to convert uncalibrated optical density to disintegrations per minute (DPM). The number of slides scored for each area varied, but averaged approximately nine sections per area. Both sides of each area were quantified separately, compared for any differences according to side (which were not found), then a mean obtained for each slice. A mean for the area for each animal was then calculated, which was the value used in analyses. One set of slides was stained with acetylcholinesterase post-receptor binding to aid in identification of brain regions (Lim et al., 2004a) .
Data Analysis
Initially the two control groups (SAL and HAN) were compared, and as they were in no cases statistically different, they were combined into one control group (CTL) for the rest of the analyses. Final group sizes were as follows: Male CTL = 17 animals, Male OT = 10, Male OTA = 9; Female CTL = 15 animals, Female OT = 8, Female OTA = 6 animals.
For each type of receptor binding (V1a, OTR, and D2), we first performed a multivariate analysis of variance (MANOVA) (O'Rourke et al., 2005) for all brain areas together. Brain regions selected for analysis were those with high levels of receptor binding and previously implicated in parenting and pair-bonding behavior. Independent factors included in the model were treatment, sex, and a sex*treatment interaction, as well as a random effect of litter. Following a significant MANOVA, we have performed mixed model ANOVAs using the same fixed and random factors tested above (Littell et al., 1996) to examine effects in individual brain regions.
Residuals were checked for normality and data transformed when necessary. All tests were two-tailed and significance was set to p = 0.05. Tables 2a and 2b .
Results
Dopamine receptor binding (D2)
D2
Vasopressin receptor binding (V1a)
The AVP V1a receptor showed several changes as a function of neonatal OT or OTA. The overall MANOVA was significant for treatment (Wilk's lambda = 0.38, F 14,64 = 2.84, p < 0.01), as well as litter (Wilk's lambda = 0.004, F 2.74,105 = 2.74, p < 0.0001) and a treatment*sex interaction (Wilk's lambda = 0.38, F 14,64 = 2.85, p < 0.01); although not for the main effect of sex (Wilk's lambda = 0.89, F 7,32 = 0.54, p = 0.80). As the multivariate effect of treatment was significant, univariate analyses were carried out on individual brain areas. Raw means and standard errors are presented in Tables 3a and 3b Ventral pallidum-The overall model for the VP was significant (F 20 = 2.63, p < 0.001). The effect of treatment on V1a receptor binding, however, was not (F 2 = 0.45, p = 0.64). Both the random litter effect (F 15 = 2.94, p < 0.01) and the treatment by sex interaction (F 2 = 4.27, p = 0.02) were significant. The effects of sex were not significant. Post-hoc tests were not performed because the treatment effect was not significant, but the significant sex by treatment interaction is shown in Figure 4 .
Medial amygdala (MeA)-The overall model for the MeA was not significant (F 20 = 1.68, p = 0.08).
Medial preoptic area (MPOA)-The overall model for the MPOA was significant (F 20 = 5.09, p < 0.0001). The effect of treatment was significant on V1a receptor binding (F 2 = 4.63, p = 0.02), as was the random litter effect (F 15 = 5.85, p < 0.0001) and the treatment by sex interaction (F 2 = 4.27, p = 0.02). The effects of sex were not significant. In males, OTA significantly reduced V1a binding in the MPOA (t = −2.80, p < 0.01; Figure 2 ), while in females OT (t = −3.10, p < 0.01; Figure 3 ) significantly reduced V1a binding. The significant sex by treatment interaction is presented in Figure 4 .
Bed nucleus of the stria terminalis (BNST)-
The overall model for the BNST was significant (F 20 = 2.81, p < 0.01). The effect of treatment was significant on V1a receptor binding (F 2 = 7.15, p < 0.01), as was the random litter effect (F 15 = 2.49, p = 0.01). Sex and the treatment by sex interaction were not significant. In males, OTA significantly reduced V1a binding (t = −2.35, p = 0.02; Figure 2 ), while in females both OT (t = −3.33, p < 0.01) and OTA (t = −3.16, p < 0.01; Figure 3 ) significantly reduced V1a binding.
Lateral septum-The overall model for the LS was significant (F 20 = 4.54, p < 0.0001). The effect of treatment was significant on V1a receptor binding (F 2 = 8.18, p < 0.01), as was the random litter effect (F 15 = 3.48, p < 0.001) and the treatment by sex interaction (F 2 = 13.04, p < 0.0001). The effects of sex were not significant. In males, OTA significantly reduced V1a binding (t = −2.63, p = 0.01; Figure 2 ), while in females OT (t = −5.64, p < 0.001; Figure 3 ) significantly reduced V1a binding. The significant sex by treatment interaction is presented in Figure 4 .
Cingulate cortex-The overall model for the CgCtx was significant (F 20 = 4.93, p < 0.0001). The effect of treatment was significant on V1a receptor binding (F 2 = 3.85, p = 0.03), as was the random litter effect (F 15 = 5.97, p = 0.01) and the treatment by sex interaction (F 2 = 5.17, p = 0.01). The effects of sex were not significant. In males, OT significantly increased V1a binding (t = 2.05, p < 0.05; Figure 2 ), while in females both OT (t = −2.62, p = 0.01) and OTA (t = −2.67, p = 0.01; Figure 3 ) significantly decreased V1a binding. The significant sex by treatment interaction is presented in Figure 4 .
Mediodorsal thalamus-The overall model for the MdThal was significant (F 20 = 2.50, p < 0.01). The effect of treatment was significant on V1a receptor binding (F 2 = 4.97, p = 0.01), as was the random litter effect (F 15 = 2.51, p = 0.01). Sex and the treatment by sex interaction were not significant. In males, OTA showed a non-significant trend (t = 1.72, p = 0.09; Figure  2 ), while in females OT (t = −2.32, p = 0.03) significantly decreased V1a binding.
Discussion
The OT, V1a, and D2 receptor systems have been implicated in social behavior in the prairie vole, including the formation of pair-bonds as well as parental care (Cho et al., 1999; Carter, 1998; Winslow et al., 1993a; Aragona et al., 2003; Aragona and Wang, 2004; Lim et al., 2004b) . In the present study we have observed that manipulations of OT on postnatal day 1 are associated with regional patterns of change in the V1a receptor system. Sex differences in the distribution of V1a receptors in prairie voles were not observed, consistent with earlier reports in this species (Phelps and Young, 2003) . However, as shown here, neonatal manipulations of OT have sexually dimorphic effects on V1a receptor levels. Though in certain areas treatment effects were not statistically significant, the opposite direction of the changes in V1a binding in males and females resulted in a significant sex by treatment interaction. For example, in the VP, LS and CgCtx OT-treated males showed increases in V1a receptor binding while OT-treated females showed decreases in V1a receptor binding (Figure 4) . The sexually dimorphic pattern of change in the V1a receptor in the LS is especially striking because this area is heavily innervated by androgen-dependent AVP-immunoreactive fibers (De Vries and Simerly, 2002) . However, the effects of androgens on central AVP synthesis are usually detected following puberty. Thus the mechanisms through which exposure to OT would affect these regions in males, but not in females, remains to be determined.
In addition to the sexually dimorphic effects of OT, males exposed neonatally to OTA showed reductions in V1a receptor binding in several brain regions that have been implicated in both social behavior and emotionality, including the BNST, MPOA, and LS. AVP acting in these same brain regions has been associated later in life with both male parental care Wang et al., 1998; Numan and Insel, 2003; Bester-Meredith and Marler, 2003) and with aggression (Bester-Meredith et al., 1999; Marler et al., 2003) . In our own studies, we observed that males treated neonatally with OTA showed reduced alloparental behavior (Bales et al., 2004b) , and tended to show lower levels of same-sex aggression as control males (Bales and Carter, 2003a) , supporting a role for AVP and/or the V1a receptor in these behaviors. Other studies in prairie voles have revealed that neonatal exposure to AVP is associated with a later increase in same sex aggression, especially in males (Stribley and Carter, 1999) , although the effects of neonatal AVP on V1a receptor binding have not yet been examined in voles. It is also notable that treatment with OTA in males in several of these areas (ex. the BNST, but NOT the LS) produced a pattern of changes that resemble the pattern of differences seen between polygynous and monogamous voles .
In contrast to males, it is more difficult to interpret the significance of the changes in V1a receptor binding in females, in which the functions of V1a receptors remain less well understood (Winslow et al., 1993b; Lim et al., 2004b; Bielsky et al., 2005) . In the present study, OT-treated females displayed lower levels of V1a receptors in the LS, and we might, therefore, have expected changes in aggression. However, there is at present no strong evidence for a role for AVP or the V1a receptor in female aggression in voles or mice (Bielsky et al., 2005; Bowler et al., 2002) . Among the other brain regions that were significantly altered by our developmental treatments (the MPOA and BNST in particular), are regions that are crucial to maternal behavior in many rodent species (Numan et al., 1998; Numan and Numan, 1994; Numan et al., 1988; Numan and Insel, 2003) . While exogenous AVP is capable of facilitating maternal care in virgin rats (Pedersen et al., 1982) , the behavioral role of endogenous AVP peptide or V1a receptors in these brain regions, or in female parental behavior, remains to be identified. The mechanism behind these changes in receptors also remains to be identified. As OT and AVP bind to each other's receptors (Barberis and Tribollet, 1996) , it is possible that early OT and OTA bound directly to the V1a receptor (especially given the relatively large dose of exogenous OT), activating or blocking it at a critical period of development.
There is increasing evidence that the long-lasting effects of social experiences can reflect sexually dimorphic actions of OT and AVP (Carter, 2003) . In rats, experience-based changes in both the OT and V1a receptors are sexually dimorphic (Francis et al., 2002; Champagne et al., 2001) . In mice, the consequences of genetically-induced deficiencies in the V1a receptor are also gender specific (Bielsky et al., 2005; Lim et al., 2004b) . The very significant random litter effects found on all types of receptor binding studied here are also probably an additional reflection of the long-term effects of differing parental care, or perhaps of genetic background (Francis et al., 2002; Tyler et al., 2005) .
The possible effects of early experience or hormonal manipulations have not been systematically studied in human development. The neural systems that are altered by neonatal peptide manipulations in prairie voles are evolutionarily ancient and have broad behavioral and physiological actions. Our studies suggest that these systems may be vulnerable during development to neural changes that could have long-lasting consequences. Results from the present study suggest the need for a deeper understanding of the mechanisms through which manipulations in endogenous or exogenous peptides might affect neuroanatomy, physiology and behavior. Representative photos of radiolabelled ligand binding for V1a receptors in males at the level of the lateral septum and bed nucleus of the stria terminalis (BNST). This figure is a regraphing of data from Figs 2 and 3, highlighting the differences between males and females in the brain areas that had significant sex by treatment interactions. Radiolabelled ligand binding for V1a receptors (DPM) in males and females treated with neonatal OT (left) and OTA (right), represented as the change from the control (CTL) value for each litter. Radiolabelled ligand binding for D2 receptors in males (DPM, means ± standard errors). N = 17 CTL, 10 OT, and 9 OTA. These are means unadjusted for litter CTLs; please see text for a full description of the data analysis. 
